ABSTRACT This paper presents that the fractional order Kalman filter (FOKF) method is used to estimate the state of charge (SOC) for lithium-ion battery based on the fractional order model. First, a fractional order battery model was established which can better reflect the dynamic characteristics of the battery. The fractional orders were identified by genetic algorithm. Then, compared with three other modeling methods in four aspects: maximum absolute error, maximum relative error, computational complexity and number of model parameters, it is shown that the fractional order model proposed in this paper is more accurate and reliable. The results shows that the maximum absolute error of the terminal voltage is 0.014 V under constant current discharge test. The accuracy improves 0.058 V comparing to the integer order model. Finally, the SOC was estimated through two methods. The results shows that the maximum absolute estimation error of SOC is under 0.02 by FOKF, which has higher accuracy and faster convergence speed compared with extend Kalman filter (EKF) method.
I. INTRODUCTION
State of charge (SOC) estimation of lithium-ion power battery is always the core of battery management system [1] . SOC is the main parameter reflecting the operation status of battery. It can provide a basis for vehicle control strategy. Its accurate estimation can prolong the service life of battery packs and has important significance for improving vehicle control performance and predicting driving mileage. At the same time, an accurate equivalent circuit model of lithium-ion battery is established which can effectively improve the estimation accuracy of SOC [2] . The power battery modeling is not only an indispensable part of power system analysis and control of electric vehicles [3] , but also one of the difficulties in power system control.
Common battery models are mainly divided into two parts, the electrochemical model and equivalent circuit model. The electrochemical model is too complex since many electrochemical parameters are difficult to be obtained. It would
The associate editor coordinating the review of this article and approving it for publication was Yanbo Chen. rarely be used in the battery management system of electric vehicles. The equivalent circuit model is usually used to describe the relationship of the terminal voltage, chargedischarge current and the operating temperature of battery. This method is simple and practical and it is widely used in power battery research [4] - [6] . The traditional equivalent circuit modeling method is based on integer order modeling. In fact, the diffusion between electrodes in lithiumion battery belongs to a typical anomalous diffusion based on fractal medium. And its diffusion coefficient is directly related to fractional order [7] . The more RC modules in the battery equivalent circuit model, the higher the accuracy of the model. At the same time, the increase in model parameters and the tedious mathematical calculation will also be brought [2] . However, the battery model based on fractional order theory can effectively solve the computational complexity caused by too many RC modules. More importantly, it can improve the accuracy of the battery model. However, the theory and application of fractional order battery model needs to be improved. Based on the parameter identification of time-domain test data in reference [8] , [9] , VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ a fractional-order modeling method for lithium-ion battery is presented. The results show that the accuracy and robustness of this method are better than the first-order equivalent circuit model, but the computational complexity is large. A novel fractional order model based on the state-of-charge estimation method for lithium-ion battery is proposed in reference [10] . According to the idea of fractional-order modeling, a fractional-order Kalman filter is designed to estimate the SOC of battery when the fractional-order is known. A discrete fractional order modeling method, which Levenberg Marquardt algorithm is used to identify model parameters based on electrochemical impedance spectroscopy is presented in reference [11] . This method has strong applicability in frequency domain and provides a new idea for battery development. A simplified fractional-order electrochemical model is established in reference [12] . The model is described by partial differential equation and its relative error of voltage is less than 0.5%. It is an effective fractional-order battery model. In the aspect of state estimation, the method of estimating SOC using fractional sliding mode observer is proposed in reference [13] . The estimation of SOC is realized by establishing the first-order fractional equivalent circuit model and designing sliding mode observer to compensate the error caused by the model. In fact, the internal electrochemical reaction process of lithium-ion power battery is extremely complex, involving electron transfer, internal electrochemical reaction, charge-discharge hysteresis effect and concentration diffusion effect, etc. It also has strong nonlinearity and uncertainty. And its model accuracy needs to be improved urgently. In this paper, a fractional-order modeling method for power battery based on Grunwald-Letnikov (G-L) fractional calculus definition is proposed. The model is more accurate by this method than the integer-order modeling method. Compared with the existing fractional-order model, it not only simplifies the model structure, but also reduces the computational load without reducing the accuracy of the model. On the other hand, SOC is estimated through the fractional order Kalman filter (FOKF) algorithm. The reliability of this method is verified by comparing with extended Kalman filter (EKF) method through constant current discharge test and UDDS (urban dynamometer driving schedule). The experimental results show that the proposed modeling method and SOC estimation method are more accurate and less computational, which provides an effective and feasible method for modeling and SOC estimation in battery management system.
II. FRACTIONAL MODELING OF LITHIUM-ION BATTERY
As early as the year of 1994, some scholars proposed that when t = 0, the constant DC voltage V is loaded on both sides of the capacitor to produce a current i(t) = U 0 /ht n , where 0 < n < 1, t > 0. h is a constant value related to capacitance capacity [14] . It means that capacitor is essentially fractional since n is fraction. The fractional nature of power battery is revealed from the electrochemical point of view in reference [15] . In addition, the system model established by fractional calculus in frequency domain is more accurate in reference [16] . The lithium-ion battery model not only needs to better reflect the dynamic characteristics of the battery, but also can not be too complex. It also can be easily applied in engineering. So the fractional equivalent circuit model is proposed in this paper based on the second-order RC model, as shown in Figure 1 . In Fig.1 , V 0 represents the terminal voltage of the battery, V ocv represents the battery open-circuit voltage, V R represents the voltage of internal resistance, R represents the battery's internal resistance, R 1 and C CPE1 represent the diffusion resistance and the diffusion capacitance respectively, R 2 and C CPE2 represent the concentration polarization resistance and the concentration polarization capacitance, respectively. V 1 and V 2 are the polarization voltages.
There are three common definitions of fractional calculus: Riemann-Liouville (R-L) fractional integral and differential definitions, Caputo fractional differential definitions, and Grunwald-Letnikov (G-L) fractional calculus definitions. The R-L definition and G-L definition are completely equivalent under certain conditions. The non-integer subset of fractional integral R-L definition is equivalent to the fractional integral G-L definition. The definition of fractional derivative R-L is equivalent to that of G-L. In order to better integrate fractional order theory with Kalman filtering algorithm [17] , the fractional order model of battery is established by using
where
α D n t represents fractional calculus operations. α and t represent upper and lower bounds of integration. n is fractional order. h is step size.
In Figure 1 , two common phase elements can be described by fractional order elements respectively.
where n 1 ∈ R, 0 < n 1 < 1, n 2 ∈ R, 0 < n 2 < 1.
As usual, when n 1 = 1, n 2 = 1, C CPE1 and C CPE2 are the capacitance that the values are C 1 and C 2 respectively. And the corresponding model is an integer-order model. The following relations can be obtained according to the Thevenin's theorem in Figure 1 .
The method of combining Shepherd model and Nerst model approximates the relationship between SOC and opencircuit voltage of battery [18] .
where SOC is the state of charge of the battery. k 0 , k 1 , k, k 3 , k 4 are the parameters that needs to be identified. The genetic algorithm is used to identify n 1 and n 2 . The optimal identification results are n 1 = 0.9, n 2 = 0.85. Fractional order model of lithium-ion battery is
where Q N is the capacity of lithium-ion battery.
III. SOC ESTIMATION BASED ON FRACTIONAL KALMAN FILTERING
Combined with the fractional-order battery model which proposed in the previous section, the fractional-order Kalman filter algorithm [19] is used to estimate SOC this paper. Firstly, the model is discretized by stochastic theory
The state variable is x = [x 1 , x 2 , x 3 ] T . where x 1 = SOC, x 2 = V 1 , x 3 = V 2 . I (k) is the input current of battery system. V 0 (k) is the output voltage. w k and v k are process noise and measurement noise in state space, respectively. Fractional differential based on G-L definition can be described as
where T s is the sampling rate. T s = 0.1s. The discrete equation of the system can be described as
The fractional Kalman filter is used to estimate the state variable SOC of the system.
(1) Assuming that the estimated value of the initial state and the initial state error covariance are respectively
(2) The state and error covariance matrix of time k are updated by the state and error covariance matrix of time k − 1.
(3) The Kalman gain matrix is
(4) The covariance matrix of state and error is updated by the measured output value of time k in order to obtain more accurate estimation results.
where x k|k−1 and P k|k−1 represent the estimate values of state and state error covariance at k-time based on the first k − 1 data, respectively. VOLUME 7, 2019 FIGURE 2. AVL E-storage test equipment. 
IV. EXPERIMENTAL VERIFICATION A. BATTERY MODEL VALIDATION
To verify the effectiveness of the algorithm, all experiments were implemented using the AVL-Estorage experimental platform, which is shown in Fig. 2 . The test subject is a Lithium-ion battery pack, which is shown in Fig.3 .The nominal capacity of the battery pack which is made up of 16 single batteries in series is 50Ah, and the nominal voltage is 51.2V. The operation status of each single battery can be monitored by the equipment. The working status of each single battery is similar. One of the 16 single batteries was chosen to be researched and analyzed in this paper. In this paper, the model is validated by constant current discharge experiment. The constant current is 0.5C as shown in Fig.4 . Cylindrical lithium-ion phosphate battery with nominal capacity of 6.2A.h and nominal voltage of 3.2V produced by a company is selected in the experiment. The pulse discharge experiment was carried out on battery. Then fitting data of SOC and open circuit voltage are obtained as shown in Fig.5 . The parameters in equation (5) are identified by The maximum absolute error of the fractional model is 0.014V and the maximum relative error is 0.44% as shown in Fig.7 . The maximum absolute error of integer order model is 0.072V and the maximum relative error is 2.24%. The maximum absolute error and relative error of fractional order model are reduced by 0.058V and 1.8% respectively compared with integer order. It can be seen that fractional order modeling is more accurate than integer order modeling. In this paper, the fractional order modeling method is compared with the reference [9] , [12] , [13] , as shown in Table 1 .
The results show that the proposed fractional order model not only simplifies the model structure, but also reduces the computational complexity without reducing the accuracy of the model.
B. SOC ESTIMATION EXPERIMENTAL VERIFICATION
Under the experimental conditions of constant current discharge described in Section 3.1, assuming that the initial Comparison of models in the paper and Ref. [9] , [12] , [13] . SOC estimated by FOKF and Extended Kalman Filter (EKF) is 0.8. The experimental SOC in constant current discharge experiment and the estimated SOC between FOKF and EKF are compared as shown in Fig.8 . The estimated error is shown in Fig.9 . As can be seen from Fig.8 and Fig.9 , The converges speed is faster and the accuracy is higher of SOC estimation by FOKF than EKF. When the error tends to be stable, Fig.10 . The estimation error are shown in Fig.11 . It can be seen from the figure that the SOC estimation converges speed is faster and the accuracy is higher by FOKF than EKF. When the error tends to be stable, the SOC estimation error does not exceed VOLUME 7, 2019 0.02 by FOKF. The SOC estimation maximum error by EKF is 0.0224.
V. CONCLUSION
In this paper, fractional calculus theory is applied to battery modeling and battery state estimation. A SOC estimation method based on fractional order model and FOKF for lithium-ion battery is proposed. The accuracy of fractional order battery model is fully verified by experiments and computational estimates. The maximum absolute error and maximum relative error of fractional order battery model are reduced by 0.058V and 1.8% respectively compared with integer order model. Then, on the basis of fractional battery model, the SOC of battery is estimated by using FOKF algorithm and compared with EKF algorithm. The comparison results show that FOKF algorithm has faster convergence speed and higher accuracy in estimating SOC. Therefore, the fractional battery model proposed in this paper can accurately simulate the battery characteristics. The battery SOC is estimated by FOKF algorithm, which provides an effective way to improve the accuracy of state estimation in battery management system of electric vehicles. In 2013, she joined the University of Jinan, Jinan, where she is currently a Lecturer with the School of Electrical Engineering. Her current research interests include modeling of dynamic systems, SOH and SOC estimation, and nonlinear control.
